Abstract The melting behavior and the crystallization kinetics of block poly(butylene/thiodiethylene succinate) copolymers (PBSPTDGS) with identical chemical composition (i.e., BS:TDGS = 50:50 mol %) were investigated by means of differential scanning calorimetry. Multiple endotherms were evidenced in PBSPTDGS samples, because of melting and recrystallization processes, similar to poly(butylene succinate) (PBS). By applying the Hoffman-Weeks' method, the T m of the copolymers was derived. The isothermal crystallization kinetics was analyzed according to the Avrami's treatment. The copolymer with long PBS blocks (PBSPTDGS15) is characterized by a very similar behavior with respect to pure PBS, indicating that PBS macromolecular folding is not affected by the presence of noncrystallizable thiodiethylene succinate blocks. In all the other cases, the overall crystallization rate was found to decrease as the block length is decreased, even though the work of chain folding, derived on the basis of Hoffman-Lauritzen nucleation theory, also decreased with the block length.
Introduction
In the recent decades, the environmental pollution and the solidwaste management due to the extensive growth of plastics production have stimulated increasing interest in biodegradable polymers as green materials. Aliphatic polyesters constitute one of the most promising classes of environmentally friendly polymers [1, 2] in agricultural and sanitary fields, as well as in packaging applications. Polymers of this type have already been introduced into the market, and their relevant performances are currently under scrutiny [3] [4] [5] . Poly(butylene succinate) (PBS) is one of the most attractive biodegradable polyesters, with similar properties to PE. Nowadays, it has already been commercialized with the trade name Bionolle 1001. It can be also blended with other compounds, such as starch, to make its use cheaper. PBS can be applied to a wide range of applications as environmentally biodegradable thermoplastic, as well as bioabsorbable/biocompatible medical material (mulch film, packaging film, bags, and ''flushable'' hygiene products).
Recently, articles concerning different types of copolymers [6] [7] [8] [9] [10] [11] [12] and blends of PBS have been published [13] [14] [15] . Its crystal structure [16] , crystallization [17] , and melting behavior [18, 19] have been studied. The rate of biodegradation of PBS in soil burial experiments has been investigated and compared with other polyester candidates [20] . The polymer shows slow biodegradation in comparison with its copolymers, reasonably as a result of a higher degree of crystallinity.
With this in view, recently block copolymers of PBS containing diethylene succinate sequences (PBSPDGS) were prepared in our laboratories via reactive blending in the presence of Ti-based catalyst [12] ; their thermal properties were accurately investigated: a single homogeneous amorphous phase always occurred independently on the block length, but in all cases phase separation took place, because of the crystallization of the BS units. After melt-quenching phase behavior was found to be M. Soccio Departamento de Fisica Macromolecular, Instituto de Estructura de la Materia, CSIC, Calle Serrano 121, 28006 Madrid, Spain significantly affected by the block length and the crystallization rate of the copolymers decreased with decreasing the block length. Therefore, block size revealed to play a fundamental role in determining the crystallizability and the phase behavior of PBSPDGS block copolymers [12, 21] . Owing to the interesting results obtained, we carried on our research synthesizing a new series of block copolymers based on PBS and containing thiodiethylene succinate sequences, which differ from diethylene succinate ones for the replacement of the ether oxygen atom with a sulfur one. These novel poly(butylene/thiodiethylene succinate) copolymers (PBSPTDGS), obtained by reactive blending, were subjected to an accurate molecular and thermal characterization to investigate the effect of BS block length on the thermal properties and miscibility [22] .
It is well known that the physical properties and biodegradability of polymers are greatly influenced by the morphology, crystal structure, and degree of crystallinity. Consequently, a great attention has to be paid to the crystallization kinetics, which affects not only the crystallization rate, the crystal structure, and the morphology, but also the physical properties and the biodegradability of a material. In view of the relevant academic and industrial importance of the studies of the isothermal crystallization of polymers, and taking also into account that at present no data have been yet reported in the literature on PBSPTDGS block copolymers, it appeared very interesting to complete our previous study by investigating the crystallization process under isothermal conditions by means of differential scanning calorimetry. The melting phenomenon of samples isothermally crystallized from the molten state has been also explored. The aim of this study is to correlate the kinetics parameter and the melting behavior of the copolymers with butylene succinate block length.
Experimental

Materials
Poly(butylene/thiodiethylene succinate) block copolymers were obtained by reactive blending of PBS and poly(thiodiethylene succinate) (PTDGS) (BS:TDGS = 50:50 mol %), as previously reported [22] . The monomeric units of the two parent homopolymers are the following:
The chemical structure, composition and block length were evaluated by means of NMR spectroscopy, and the molecular masses were determined by GPC. The main molecular characterization data are reported in Table 1 , along with the results of the thermal characterization previously carried out [22] . As can be seen, all the copolyesters are characterized by relatively high and similar molecular weights, comparable to those of parent homopolymers. This result indicates that no appreciable thermal degradation occurs during the mixing. Looking at the data in more detailed manner, a slight increase of molecular weight with the mixing time is observed. This result is not surprising taking into account that transesterification reactions prevail on chain scission reactions at long mixing times, in the range of time employed. Increasing the mixing time decreased the average block length and increased the degree of randomness, confirming the proceeding of transesterification reactions. Therefore, the evolution from a block architecture to a random one (PBSPTDGS240) was observed with the increasing mixing time. The copolyesters obtained and analyzed in this study will be indicated with PBSPTDGSt, where t is the mixing time in minutes.
DSC measurements
The isothermal crystallization kinetics and the melting behavior were investigated using a Perkin-Elmer DSC7 calorimeter. The external block temperature control was set at -60°C. All the measurements were carried out under a nitrogen atmosphere to minimize oxidative degradation. The instrument was calibrated using high-purity standards (indium and cyclohexane) for melting temperature and heat of fusion. A relatively small sample size, ca. 5 mg, was used to minimize the effect of the thermal conductivity of the polymers. A fresh specimen was used for each run. The following standard procedure was employed: the samples were heated to about 30°C above fusion temperature, held there for 3 min, then quickly cooled by liquid nitrogen to the crystallization temperature T c . Such short annealing did not lead to any significant thermal degradation of the copolymers. The T c range was chosen to avoid crystallization during the cooling step. The heat flow evolving during the isothermal crystallization was recorded as a function of time, and the completion of the crystallization process was detected by the leveling of the DSC trace. For a better definition of the starting time, for each isothermal scan, a blank run was also performed with the same sample, at a temperature above the melting point where no phase change occurred [23] . The blank run was subtracted from the isothermal crystallization scan, and the start of the process was taken as the intersection of the extrapolated baseline and the resulting exothermal curve. The isothermally crystallized samples were then heated directly from T c up to melting at 10°C min -1 .
Results and discussion
Melting behavior Figure 1 shows some typical calorimetric traces of PBSPTDGS copolymers obtained after a mixing time ranging from 15 to 180 min, isothermally crystallized at various temperatures (T c ) according to the thermal treatment described in the ''Experimental'' section. The melting behavior of PBSPTDGS240 could not be investigated because no appreciable crystallization of the sample occurs in reasonable time.
As can be seen, multiple endotherms appear in the curves on heating, analogously to PBS homopolymer, previously investigated [21] . Such peaks have been labeled with Roman numerals (I-III) in the order of increasing temperature. A dependence of the position and intensity of the endotherms on temperature can be observed: in particular, endotherm I temperature is approximately 10°C above T c ; the position of melting peak II shifts to higher temperature, and its magnitude increases with increasing the crystallization temperature. As regards endotherm III, its position remains unchanged, whereas its magnitude decreases with the increasing T c . In general, there are two main reasons for the appearance of multiple melting endotherms. More than one DSC endothermic peak can result from the melting of different crystal types within the samples, with each being present before thermal treatment [24] [25] [26] . Multiple endothermic peaks can also be due to partial melting of some or all of the original material and its reorganization into higher ordered material during the thermal analysis before finally melting [27, 28] . The observed dependence of the multiple endotherms on the crystallization temperature permits us to hypothesize the origin of each peak. In particular, peak I can be considered the typical ''annealing peak'' and can be associated with the melting of poorer crystals that grow at T c between the larger crystals. Endotherm II can be ascribed to the fusion of crystals grown by normal primary crystallization during the isothermal period at T c ; its dependence on the crystallization temperature, in terms of both peak position and area, suggests that thicker crystalline lamellae develop with increasing T c . The high-temperature melting peak (III) can be explained as the result of the melting of crystals of higher stability and perfection, grown during the heating run as a consequence of recrystallization or reorganization of crystals initially formed during isothermal crystallization. In order to confirm the possibility of melting-recrystallization processes in the samples under investigation, the effect of the heating rate on the melting phenomenon was evaluated. As shown in Fig. 2 , the magnitude of melting peak II increases as the heating rate is increased, in contrast to the high-temperature melting peak III, the intensity of which regularly decreases with the heating rate. The higher value of the heat of fusion of the melting peak II at the faster heating rate indicates that the crystals formed at T c do not have enough time to melt and recrystallize, confirming therefore, a mechanism based on melting and recrystallization of less-perfect crystallites into thicker crystals melting at higher temperature.
In addition, it is worth remembering that the multiple melting endotherm phenomenon observed in PBS has been already the subject of intense studies and has been ascribed to melting/recrystallization processes taking place during the DSC scan [29, 30] .
In order to compare the crystallization rates of the samples under investigation, it is of great importance to determine the equilibrium melting temperature (T m ), to establish the rate of crystallization's dependence on the degree of undercooling, DT = T m -T c . One of the most commonly used procedures to determine T m is the Hoffman-Weeks' method [31] . The popularity of this approach is due to its simplicity, needing only the experimental melting temperature of the crystallites formed at T c . Nevertheless, Marand and co-workers [32, 33] thickening coefficient for lamellae, c, is taken as independent of T c and time. As demonstrated by some results that appeared in the literature [32] [33] [34] [35] [36] [37] , the linear extrapolation, when carried out for lamellar crystals exhibiting a constant c value, invariably underestimates T m and leads to an overestimation of the c value. In fact, the Hoffman-Weeks' procedure does not account for a significant contribution to the difference between melting and crystallization temperatures arising from both the temperature dependence of the fold surface free energy and the thickness increment above the minimum (thermodynamic) lamellar thickness. Neglecting this contribution causes an underestimation of the equilibrium melting temperature and an overestimation of the thickening coefficient. Moreover, for copolymers, the concept of infinite lamellar thickness is not appropriate, even though this treatment is frequently applied to these systems, to calculate the driving force for crystallization (i.e., the degree of undercooling DT = T m -T c ). Notwithstanding the above limitations, the experimental melting temperatures (T m ) of PBSPTDGS block copolymers crystallized at different T c s were used for obtaining information on the equilibrium melting temperature (T m ) by means of the Hoffman-Weeks' relationship [31] :
where c is a factor which depends on the lamellar thickness. More precisely, c = l/l* where l and l* are the thickness of the grown crystallite and of the critical crystalline nucleus, respectively. Note that Eq. (1) correctly represents experimental data only when c is constant and the slope of the curve in a plot of T m versus T c is approximately equal to 0.5.
The peak values of endotherms II and III as a function of T c are plotted in Fig. 3 for all the copolymers under investigation.
Endotherm II is clearly related to the original main crystal population, and its location reflects the higher perfection of the crystals grown at higher temperatures. Melting endotherm III is observed at a rather constant temperature characteristic of the material partially recrystallized into a more stable form on heating. In Fig. 3 , the linear extrapolation of experimental data up to the T m = T c line is also drawn, and the T m values obtained are collected in Table 2 . As can be seen, T m values decrease as the BS block length decreases, in agreement with the results obtained previously under nonisothermal conditions [22] : as a matter of fact, according to Flory's theory [38] , the melting point of a copolymer characterized by a pure crystalline phase is expected to be lower than that of the corresponding homopolymer. This trend suggests that the crystallization and then the melting process deviate in a more significant manner from the equilibrium behavior with the reduction of the crystallizable sequence length. A similar result has been reported in the literature for other block copolymers, such as poly(tetrahydrofuran)/polystyrene [39] , poly(butylene terephthalate)/polycarbonate, poly(ethylene terephthalate)/polycarbonate [40, 41] , and poly(butylene/diethylene succinate) [21] . Crystallization kinetics
Differential scanning calorimetry
As well known, the analysis of the isothermal crystallization kinetics can be carried out on the basis of the Avrami equation [42] :
where X t is the fraction of polymer crystallized at time t, k n the overall kinetic constant, t is the time of the isothermal step measured from the achievement of the temperature control, t start the initial time of the crystallization process, as described in the ''Experimental'' section, and n the Avrami exponent, which is correlated with the nucleation mechanism and the morphology of the growing crystallites. X t can be calculated as the ratio between the area of the exothermic peak at time t and the total measured area of crystallization. The value of the kinetic constant k n is also frequently obtained by means of the following relationship: where t 1/2 is the crystallization half-time, defined as the time required to reach X t = 0.5. In Fig. 4a , where the variation of X t with time at various T c values for PBSPTDGS60 is reported, all the curves have a sigmoidal shape, which is typical of polymer crystallization behavior. It is likewise worth remembering that Eq. (2) is usually applied to the experimental data in the linearized form, by plotting [ln(-ln(1 -X t )] as a function of ln(t -t start ), permitting the determination of n and k n from the slope and the intercept, respectively. In Fig. 4b , typical linearized Avrami plots are shown for a selected set of T c values in the case of PBSPTDGS60.
The crystallization half-time t 1/2 , the parameter n, and the kinetic constants k n are collected in Table 2 .
In order to compare the crystallization rate of the copolymers under investigation, the half-crystallization time t 1/2 was plotted as a function of DT in Fig. 5 together with the data concerning homopolymer PBS [21] .
As it can be seen, the t 1/2 values for PBSPTDGS15 block copolymer are similar to those of neat homopolymer PBS, whereas in all other cases an increase in t 1/2 is observed as the BS block length is decreased. Therefore, except for the physical blend (PBSPTDGS15), the segmental mobility of BS blocks was found to be influenced by the presence of noncrystallizable thiodiethylene succinate co-units, the transport of the crystallizable chain segments on the fold surface being limited, with the TDGS units acting as defects for PBS crystallization. In particular, as shown in Fig. 5 in the case of copolymers obtained for t mix B90 min, t 1/2 regularly increases with increasing T c , whereas the experimental results of PBSPTDGS150 and PBSPTDGS180 show a minimum in the t 1/2 -T c curve, i.e., a maximum in the corresponding k n -T c dependence. It is worth remembering that the crystallization kinetics is controlled by nucleation process or by polymer chain diffusion in the melt, depending on the crystallization temperature. At low T c (high undercooling) the determining step is represented by the diffusion of the polymeric segments, whereas at high T c (low undercooling) the determining step is the nucleation process, being its rate very low. As a consequence, the overall crystallization rate goes through a maximum (minimum in t 1/2 ). Therefore, the results shown in Fig. 5 indicate that in the case of copolymers obtained for t mix B90 min, the T c range investigated by DSC technique corresponds to low undercooling, while for PBSPTDGS150 and PBSPTDGS180 samples, the low nucleation rate allows reaching high undercooling without crystallization taking place during the cooling step.
With the aim of evaluating if the constitutional irregularity affects also the amount of crystallinity developed during the isothermal crystallization, for all the samples investigated the enthalpy of fusion has been determined. It was found that DH m is essentially independent of T c , but dependent on block length, being 74, 62, 56, 52, 48, 44 and 40 J g -1 for PBS, PBSPTDGS15, PBSPTDGS30, PBSPTDGS60, PBSPTDGS90, PBSPTDGS150, and PBSPTDGS180, respectively, after normalization for the butylene succinate units content in the case of copolymers. Therefore, the presence of noncrystallizable sequences into Influence of block length on crystallization kinetics 683 the PBS backbone, and in particular their length, influences the total crystallinity degree of PBS, which crystallizes in the copolymer in minor percentage as in the pure state. As far as the Avrami exponent n is concerned, for all the isothermally crystallized samples, it turned out to be close to 3 at all the crystallization temperatures investigated (see Table 2 ), indicating that the crystallization process originates from predeterminated nuclei and is characterized by a three-dimensional spherulitic growth. As a matter of fact, spherulites have been evidenced by optical microscopy in all the samples under investigation. Therefore, the mechanism of nucleation in copolymers does not change, and the dimensionality in crystallization growth is not lowered for the presence of noncrystallizable component.
The activation energy for the overall crystallization can be calculated using an Arrhenius type equation:
where k n is the rate of crystallization in the temperature range where the crystallization process is controlled by chain diffusion, A is a constant, and T is the crystallization temperature. The activation energy can be obtained from the slope of the plot ln k n versus 1/T. The plots of PBSPTDGS150 and PBSPTDGS180 are shown in Fig. 6 : as can be seen, both of them exhibit a good linearity, and the E a value for PBSPTDGS150 copolymer (10 kcal mol -1 ) turns out to be consistently lower than that of PBSPTDGS180 sample (20 kcal mol -1 ). This result can be explained as being due to a decrease of segmental mobility of BS blocks when their length is decreased. As a matter of fact, the transport of the crystallizable chain segments on the fold surface is limited by the presence of non-crystallizable thiodiethylene succinate co-units, and the more consistent this effect, the shorter the crystallizable blocks are.
Since the chain folding is an important parameter governing the temperature dependence of the growth rate, it is interesting to analyze the dependence of the crystallization rate on temperature by means of the Hoffman-Lauritzen relationship [43] :
where G 0 is a pre-exponential factor practically independent on temperature. The first exponential term in the above equation, where U* is the activation energy of the molecular transfer through the melt-crystal interface and is usually equal to 1,500 cal mol -1 ; T ? is the temperature below which diffusion stops and is universally equal to T g -30 K; and R is the gas constant, which contains the contribution of the diffusion process to the growth rate. The contribution of the nucleation process is represented by the second exponential term, where K g is the activation energy for nucleation of a crystal with a critical size and strongly depends on the degree of supercooling (DT = T m -T c ), and f is a correction factor to account for the temperature dependence of the enthalpy of fusion and is close to unity at high temperatures [f = 2T c /(T m ? T c )]. In order to obtain the best fit for the secondary nucleation theory, two parameters should be predefined: the equilibrium melting temperature and the equilibrium melting enthalpy. These last were assumed to be T m = 132°C and DH
homopolymer [44] . For the PBSPTDGS block copolymers, the corresponding T m values reported in Table 2 were used. Equation (4) can be rewritten in a logarithmic form as follows:
The parameter K g contains the variable n 0 reflecting the regime behavior:
where n 0 is equal to 4 for regimes I and III and 2 for regime II; b 0 is the molecular thickness; r is the lateral surface free energy; r e is the fold surface free energy; and k is the Boltzmann constant.
The use of the overall growth rate data, instead of the rate of spherulitic growth, is supported by the literature [45, 46] . By using the reciprocal half-time (1/t 1/2 ) as expression of the primary crystallization rate, the following equation can be obtained: From the slope of the straight lines, K gIII can be determined, whereas the product rr e value can be calculated from Eq. (7). The lateral surface free energy r can be estimated by means of the empirical relationship [43] :
where a 0 is the width of a molecular chain, and a 0 b 0 is the cross-sectional area per chain molecule. According to the a-form unit cell of PBS [47] , if the crystal growth plane is 110, then a 0 should be 0.525 nm and b 0 0.404 nm. Parameter a is an empirical constant that usually ranges from 0.1 to 0.3, strongly depending on the chemical structure of the polymer. In the present article, a value of 0.1 was used [47] . In Table 3 , for sake of comparison, the product rr e , calculated on the basis of Eq. (8), has been also reported for parent homopolymer PBS and for the two copolymers PBSPDGS5 and PBSPDGS45 previously investigated [21] . PBSPDGS5 and PBSPDGS45 are indeed characterized by the same BS block length with respect to PBSPTDGS15 and PBSPTDGS60, respectively. First of all, it can be noted that rr e values reported in Table 3 for PBS, PBSPDGS5, and PBSPDGS45 are lower than those reported previously [21] and obtained from G measurements. The discrepancy, which is around 12-18 %, may be explained taking into account that the method of analysis based on G is more direct and does not require the approximations necessary for analysis of the overall crystallization data. As far as PBSPTDGS copolymers under investigation are concerned, PBSPTDGS15 is characterized by a rr e value very similar to that of the corresponding PBS homopolymer (see Table 3 ). On the contrary, in the case of other copolymers, such product regularly decreases as the block length is decreased. It is noteworthy that less work is needed for chain folding in copolymers with shorter rather than longer BS blocks. However, the samples with the lowest rr e values have the slowest crystallization rates. This inconsistency has been already found by other authors, investigating poly (ethylene oxide)-poly(methyl methacrylate) and poly (ethylene terephthalate)-polycarbonate block copolymers . PBSPDGS5 and PBSPDGS45 data are from [21] [ 41, 48] . In both cases, the unexpected low r e values for very short block are ascribed to an interaction between crystalline and amorphous blocks with consequent formation of an intermixing phase. Obviously, the very slow crystallization rate observed for block copolymers characterized by short length of crystallizable blocks is due to the significant influence of the noncrystallizable blocks, the transport of the crystallizable chain segments on the fold surface being limited, and the TDGS units acting as defects for PBS crystallization. An opposite trend was found while investigating PBSPDGS copolymers [21] . This different behavior can be explained on the basis of the significantly higher flexibility of TDGS sequences with respect to DGS ones. As a matter of fact, it has to be recalled that (1) C-S bonds are longer than C-O ones, because of the larger dimension of sulfur atoms with respect to the oxygen ones; and (2) sulfur atoms are characterized by a lower electronegativity with respect to the oxygen ones; and therefore; weaker interchain interactions occur. As a consequence, during the chain folding, the work required to bend the crystallizable polymer chain back upon itself is expected to be lower in the case of PBSPTDGS copolymers. In fact, rr e value for PBSPTDGS60 is lower than that for PBSPDGS45. In the case of PBSPTDGS15 and PBSPDGS5 characterized by very long BS blocks, no difference has been found, and the product is even the same of homopolymer PBS. Finally, the overall crystallization rates of PBSPTDGS15, PBSPDGS5, and PBSPTDGS60 and PBSPDGS45 have been compared (see Fig. 8 ). As can be seen, the t 1/2 values for PBSPTDGS15 and PBSPTDGS60 block copolymers are similar to those of PBSPDGS5 and PBSPDGS45, respectively. In the case of physical blends (PBSPTDGS15 and PBSPDGS5), the result is obvious, with each copolymer having the same behavior of homopolymer PBS, crystallization of which is not affected by the second component, independently on its chemical structure (PTDGS or PDGS). It becomes much more interesting while making the comparison between PBSPTDGS60 and PBSPDGS45: the two copolymers are characterized by the same overall crystallization rate, even though rr e PBSPTDGS60 \rr e PBSPDGS45 : In order to explain this result, it has to be recalled that polymer crystallization is a two-step process: a polymer chain diffusion in the melt, and nucleation process followed by a crystal growth. Taking into account the trend of rr e product, the result can be explained as being due to a decrease of segmental mobility of BS blocks in the case of PBSPTDGS copolymers. Probably, the transport of the crystallizable chain segments on the fold surface is more strongly limited by the presence of noncrystallizable thiodiethylene succinate co-units, which are characterized by a higher steric hindrance with respect to diethylene succinate ones.
Conclusions
The investigations carried out on block PBSPTDGS copolymers lead to some interesting results on the effect of the BS crystallizable block length on the crystallization kinetics of PBS. In particular, it was found that -the overall crystallization rate decreased as the block length is decreased; and -the work of chain folding unexpectedly decreased as the block length is decreased.
The decrement of the overall crystallization rate can be explained considering that thiodiethylene succinate counits are characterized by a considerable steric hindrance, because of the large dimensions of sulfur atoms, which makes more difficult the diffusion of crystallizable BS segments in the melt toward the crystalline surface; the decrement of chain-folding work can be correlated to the high flexibility of TDGS sequences, because of the long C-S bonds and to the low electronegativity of sulfur atoms. On the contrary, no significant influence of the presence of PTDGS component was observed in the physical mixture, which indeed were found to be characterized by an analogous behavior with respect to PBS.
Finally, an analysis of the effect of substitution of ether oxygen atoms (present in the PBSPDGS copolymeric system previously investigated) with sulfur ones pointed out that the prominent parameter affecting isothermal crystallization from the melt is chain flexibility. As a matter of fact, PBSPTDGS block copolymers are able to crystallize under the experimental condition adopted until BS block attains a length equal to 2.27. In the case of PBSPDGS copolymers, isothermal crystallization process is already prevented for cases when L BS \4.2.
